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ABSTRACT N

The Naval Research Laboratory has been conducting an investigation
of the VLF communications reliability in proposed Polaris launching areas,
Long-term statistical propagation data have been recorded in the vicinity
of the areas of interest along with short-term special experimental
investigations. These data form the basis of this report which presents the
necessary information for calculating the predicted field strengths of
transmissions from NSS (22. 3 Kc) and NAA (14. 7 or 14. 8 Kc) into the
Norwegian Sea and surrounding areas. The field strengths can be calculated
based on the time of day reception is desired, the reliability required,
and, for submerged reception, the depth of the antenna in sea water.

/ -,
PROBLEM STATUS

This is an interim report, work is continuing on the problem.

- AUTHORIZATION
NRL Proble-m No. 54R01.-33 ---- --

Bureau of Ships Problem S-1888
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PREDICTION OF FIELD STRENGTHS
OF NSS AND NAA VLF TRANSMISSIONS

INTRODUCTION

The Radio Division of the Naval Research Laboratory has been
conducting an investigation of the very low frequency (VLF) communications
reliability, in the vicinity of proposed Polaris launching areas, since the
fall of 1958. The field strengths of VLF transmissions and atmospheric
noise have been continuously recorded at several shore sites chosen for
their proximity to proposed launching areas. The sites chosen for these
recording stations, which have been in operation for varying periods
of one year or more, were Hammerfest, Bodg, and Varhaug, Norway;
Rome, Italy; and Haifa, Israel. The stations at Hammerfest (northern
Norway), Varhaug (southern Norway), and Haifa are still in operation
and a station in Karachi, West Pakistan was installed in June 1961. In
addition to these continuously recording sites, data have been obtained
over short periods at many Arctic locations and aboard aircraft flying
in the Arctic, European, and Near Eastern areas. Special VLF transmissions
have been made at various frequencies from. 14. 7 to 26.1 Kc, and the field
strengths of these transmissons were recorded at many Arctic sites in North
America, Greenland, and Norway, and aboard an airplane flying in these
areas.

Through analysis and correlation of these data, preliminaiy results
have been obtained for the following: (a) the medians of the field
strengths of VLF transmissions and their diurnal arid seasonal .t.riations
in the areas of interest; (b) attenuation coefficients tor and boundaries
of significantly different ground conductivity areas; and (c) the effects
of auroral and polar cap absorption events on VLF propagation. Application
of the propagation path information and experimentally determined
coefficients to VLF propagation equations, allows one to extrapolate or
interpolate the statistical results to other areas. This report is the
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result 6 such an application of the Naval Research Laboratory VLF
pr-.na)gacWn study, often referred to as the NRL-VLF Project,.

"'his report presents field strength contours , statistical information,
and othUr parameters for determining the expected field strengths of
VLX '-r"n.-missioris in the vicinity of the Norwegian Sea from Naval Radio
Stati efs NSS (22. 3 Kc) located at Annapolis, Mary'-nd and NAA
(14.'/ or 1.1. 8 Kc) at Cutler, Maine, A report' , prepared by another
divisior, a- NR. and based on the same data source, was published
in TuLy ].ý50 and covered the same area, but was for transmissions from
NSS on 5. 5 Kc. A letter from the Director, Special Projects, stated
that this r• port, which was based on a small amount of data available
at the time, was found to be conservative, and requested NRL to
publish a i' poct- based on more recent information from NSS transmissions
on 22. 3 Kc and to include a prediction for the NAA coverage.

The me nod of determining the predicted field strength in any
partiýtula.& ,rcea of Lhe Norwegian Sea is somewhat different than that
eorployeJ in the original reporti. It is believed that this new approach
will yield 3. ,+oie precise prediction.

APP ROA C; H

The information contained herein is based on experimental data
obtained in the vicinity of the Norwegian Sea. Long-time recordings of
the fiel I stiength of VLF transmissions at shore sites were used to
statisticall .7 determine the median field strengths for the various hours
of the day, and the probability distribution of the field strengths when
the enlire proncgation paths were undcr daylight, night, and transition
conditions. Applying these reference points, and experimentally
determined attenuation coefficients and ground conductivity boundaries
to the VLF wavegiide mode theory 2 equations, onabled field strength
contours referenced to a one kilowatt radiated power, to be drawn in th-,e
Norwegian Sea area.

2
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Chaits are provided for determining whether the propagation path

from either NSS or NAA is under deylight, night, or transition conditions
at the time that it is desired to receive the particular transmission.
Probability distribution curves, referred to as reliability curves, are
provided then, for each of the three solar conditions of the transmission
path. Having such data for each condition greatly increases the precision
of the coverage prediction. Since the field strength is normally higher
at night than during the day, the probability data used in the previous
report1 was optimistic during daylight conditions and pessimistic during

night conditions with all twenty-four hour data lumped together.

The effect of submergence of the receiving antenna in sea water is
also presented in graphical form. The addition of the appropriate contour
and probability factor for the particular reception location, the necessary
antenna depth factor, and the factor for actual radiated power gives the
predicted field strength of the particular transmission at the location
ci thc receiving antenna.

Geographical Area Covered

The area of primary interest, at this time, for Polaris submarine
patrol, is the Norwegian Sea. This report primarily covers that area,
but in addition, portions of the North Atlantic and Arctic Oceans, and
the Barents and North Seas are also included. Field strength contours
are drawn for the entire area, but it is not to be inferred that the
entire area is covered by reliable VLF communication. The contours

presented here are intentionally terminated about 100 miles from the
trailing shore of each land mass to avoid the launch and discontinuity
factors. Therefore, interpolation of the contours close to the land
areas may result in considerable errors.

Transmitting Facilities

The field strength prediction information included in this report

is for transmissions from the Naval Radio Stations NSS at Annapolis,
Marylarnd and NAA at Cutler, Maine operating on frequencies of 22. 3
and '4. 7 or 14. 8 Kc, respectively. The contour charts presented are

3
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based on a reference radiated power of one kilowatt. Therefore, to
determine the field strength of either transmission the actual radiated
power of the transmitter must be known. The NSOS transmitting station
changed operating frequency from 15. 5 Kc to 22. 3 Kc in the latter part
of December 1960. The average cadiated power from NSS on 22. 3 Kc
from that time through April 1961 was 126 KW or 21db above 1 KW. At the
writing of this report, the NAA station was still undergoing acceptance
tests and the actual average radiated power under operational conditions,
naturally, has not been determined. However, from information available,
the antenna efficiency is apparently between 50 and 60 percent at the
operating frequency of 14.7 or 14.8 Kc, and therefore, assuming one
megawatt o0 30 db above 1 KW is a good approximation with probably
better than L 1db accuracy. The graph presented in Fig. 1 is used to
convert radiated power to db above 1 KW and this is referred to as Pr.

Portions of the Arctic Ocean and Barents Sea are served well by
the transmissions from 11PM in Hawaii. It is planned that more of these
coverage prediction reports will be published covering additional
areas and other transmissions.

Experimental Data Available

The VLF propagation data recorded continuously for long periods are
being published in quarterly reports 3 ,4,5,6. That data already published,
and the data yet to be published through March 1961, along with the
results of the special short term experiments in the Arctic, were used as
the basis for this report. All the statistical data is based on results
from NSS transmissions, since no data is yet available from NAA
transmissions. However, much information has been obtained on
the NSS transmissions at 15.5 Kc, and since there is little difierence
in this and the NAA operating frequency and the propagation paths of the
two transmitters to the Norwegian Sea, little error should result from
the extrapolation. Some of the propagational effects are greatly
different, however, for transmission frequencies of 15.5 and 22.3 Kc.
Therefore since NSS has been transmitting on 22. 3 Kc only since

4
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approximately January 1961, a limited amount of statistical informationr
is available for that frequency. Also: the Hamrme-fest recording station I
has operated only a relatively short time, and since the daytime signal

levels from NSS were normally undetectable on 15.5 Kc, a relatively
small amount of data is available for that area particularly for daylight
path conditions.

Atmospheric Noise

The field strength of atmospheric noise at VLF is continuously
recorded along with the VLF transmission at the ground stations in
Europe and Asia. These data are also published in the quarterly

reports 3 , 4,5,6 This report does not include the limiting effect of
atmospheric noise. For the northern area covered herein, and for reception
aboard a submarine, it is believed that in most instances the local man-

made noise or receiving system sensitivity will be the limiting factors

except during the relatively infrequent local thunder storms.

DETERMINATION OF FIELD STRENGTH

As previously stated, the waveguide mode theory equations were
used for determining the field strength contours. The equation used,
which is a simplified form derived by Watt and Pl.sh' and applicable
for distances beyond 2000 kilometers, is

E =K+ Pr - 10 logl 0 f - 10 logl 0 (a sin d/a) -XC d/1000 (1)

where E is the vertical electric field strength in db relative to 1 1iv/m

at a distance d in kilometers from the source, K is a constant which
Oquals ) S fo- Uday paths ý•ýsuming an ionospheric he.g'it of M0 Km and

equals 94. 8 for night paths where the height of the ionosphere is
assumed to be 90 Km, Pr is the radiated power in db relative to 1 KV1..
f is the frequency in kilocycles, a is the earth's radius, and OC is

6
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the attenuation raLe in db per megameter. The last term of the equation
must, of course, be separated into as many terms as there are
significantly different ground conductivities traversedi by the propagation
path.

In the following four sections are discussed the various factors required
for calculating the predicted field strength, at the particular receiving
location, and under the particular conditions at the time of desired
reception. The application of these factors is detailed ii, the section
entitled Calculation of Field Strength.

Field Strength Contours

The field strength contours for NSS (22. 3 Kc) and NAA (14. 7 or
14. 8 Kc) transmissions in the Norwegian Sea are presented in Figs. Al and
Bl, in Appendices A and D, respectively. These contours were calculated
to indicate the vertical electric field strength in db relative to 1 ijv/m

above the surface of the water, for a 50 percent probability (reliability)
during daylight propagation path conditions, and for a radiated power
of 1 KW, This means that for all receiving locations above the surface
of the sea everywhere along the "20' contour of either Fig. Al or Bl,
for example, the field strength of 20db above 1 ILv/m, which is
10 vyv/rn, is exceeded 50 percent of the time during daylight conditions
along the entire propagation pa'th, when the appropriate transmitter is
radiating 1 KW. Of course, the VLF transmitters radiate much more
than 1 KW and this will be taken into account in the final calculation.

Submerged Reception

As previously stated, the contours presented in Figs. Al and B1
predict the field strength above the surface of the water. Therefore,
for submerged reception, these predicted field strengths must be
reduced by a factor related to the attenuation of sea water for the
particular transmission frequency. Such is given in rigs. A2 and B2.
In these figures the depth factor, DL, is plotted as a function of the
depth of the receiving antenna in sea water. Figures A2 and B2 are

7
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based on an attenuation in sea water, of 3. 6 x 1010 e. s. u. conductivity,
of 1. 29 db per foot at 14. 7 or 14. 8 Kc and 1. 58db per foot at 22. 3 Kc.

Reliability

The term "reliability" is used in the same way as probability is
used in statistics. As used, the tern "reliability" means the percentage
of time that a particular field strength reference value is exceeded. That
is, a 90 percent reliability means that the reference level is exceeded
90 percent of the time under the particular condition.

Curves are presented for determining the reliability factors which
must be used to modify the contour predictions for different reliabilities
desired, the solar condition of the propagation path, reception area,
and, where sufficient statistical data is available, for the time of year,
The diurnal variation of VLF field strengths appears to increase as more
of the propagation path traverses areas of lower conductivity. The
attenuation rate during daylight conditions is considerably higher for
such paths while the rate at night is much less by comparison.
Simultaneous recordings of the field strength of NSS transmissions on
15.5 Kc at Hammerfest and Bodyd, Norway demonstrate this point very
well. The hourly field strengths of atmospheric noise at the two locations
were very nearly equal during the periods of observation. The field
strengths of the NSS (15. 5 Kc) transmissions were only slightly lower at
Hammerfest than at Bod4 during all night conditions. During daylight
conditions all along the path, however, the transmissions were undetectable
at Hammerfest but well above detectability at Bod/. Although the great
circle paths from NSS to Hammerfest and Bodgý differ only slightly in
bearing, the former includes nearly three times as much Greenland
icecap as thl-le latter. OLfleýi8 have found that VLF prop-gation paths vary
from the great circle route, and, if the NSS to Hammerfest path deviated
toward the south-east, then that path could be very nearly the same as
the NSS to Bodo path. However, this would have to be a consistent
deviation during night conditions and Whitson8 reported random
variations for any one path.

8



SECRET

The NRL datea have been consistent in showing the dependen3ce of
diurnal variations with ground conductivity, Therefore the maps in
Figs. A3 and B3 are. presented to show three receiving areas in the
Norwegian Sea, the transmission paths to which traverse significantly
different distances of poor ground conductivity. Figures A3 -nd B3
are to be used in conjunction with Figs. A4 through AB ar d B4 through 3 12.
These latter two groups of graphs give the reliability factors, Rp. which
account for the field strength reliability (probability) desired, the solar
condition of the transmission path (diurnal variations), and ali known
seasonal variations.

Referring to Figs A3 through A6 and B3 through 312 , the amount of
statistical data available for the two transmission frequencies in the
three receiving areas is reflected. Data for the NSS tiansmissions on
22.3 Kc have been recorded and analyzed from January through April 1961.
Therefore, the seasonal. effects on these transmissions are not yet
known and these data,for the present,must form the basis for prediction
throughout the year. Since the data were recorded during winter
conditions, it is probable that predictions based on that should be
somewhat pessimistic for other seasons. The same general statements
hold true for the data presented in Figs- B3 fnrough B12 where, in
general, more data exists except in the northern receiving area "C
Some of the reliability curves say "estimated". Such curves are based
on very limited data or simply estimated from the trends of other
data.

Solar Conditions of Transmission Paths

Another known factor which affects VLF propagation is the height
of the ionosphere. This is controlled to a great degree by the sun's
illumination of the ionosphere. The effective height for VLF propagation
is approximately 70 Km during the day and about 90 Km at night. This
raising and lowering of the ionosphere produces the diurnal variation
in VLF field strengths at great distances as discussed previously.

SECRET
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If the condition of the ionosphere all along the transmission path were
known, the precision with which the field strength at the receiving
location could be predicted would be greatly increased. Knowing whether
the ionosphere along the path is illuminated by the sun or in darkness
oi between the two (transition) increases the predictabityconsiderably.
Tables Al through A20 and BI tarough B20 have been prepared so that
the solar condition of the ionosphere along the NSS and NAA transmission
paths into the Norwegian Sea can be determined. Each set of tables is
for a particular transmitter and each table in a set is for a particular
receiver location. Each receiving location, covering the Norwegian Sea
and surrounding areas,includes an area of 1 2. 5 degrees of latitude and
± 5 degrees of longitude. The solar conditions over such an area are not
significantly different. From these tables can be determined the solar
condition of the NSS or NAA pa':h to the particular receiver location for
each hour of the day (ZULU, GMT) and each day of the year tabulated
in approximately ten day groups. Table 1 is an index for determining
which solar condition table to use for the particular receiving location.

TABLE 1

INDEX TO TRANSMISSION PATH SOLAR CONDITION TABLES *

Longitude

0 , _0 00 - Ci5 0 0Latitude 25°W-15VV 15. "Vv-'W 5 W-5°E 5E-15 °E-25°E

52. 5N-57. 5 0 N 1 2 3 - -

57. 5)N-62. 5°N 4 5 6 - -

62. 50 N-67. F5°N 7 8 9 10 -

67. 5°N-722 50aN 'I 12 13 14 15
72. 5°N-77 7 OM 16 17 18 19 20

For NSS transmission paths use Solar Tables preftxed yA, that is

Al, A2 .... A20,
ForNAA transmission paihs use Solar Tables prefixed by B, that is
BI, B2 .. ,, 1320.

10
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The letters N or D indicate whether the entire path is in night or day
condition. The dash indicates transition period from day to night or
night to day. The tables are entered from the left for the time of
desired reception (± 30 Min) and from the top for the date, and at the
intersection'of the two, the symbol indicates the solar condition.

The solar condition tables were calculated to approximate the
solar condition of the-ionosphere based on the sunrise and sunset times
at approximately the height of the ionosphere.

Calculation of Field Strength

The predicted field strength at any location in the Norwegian Sea is
calculated from a simple equation (2) by the application of the various
factors discussed in the preceding sections.

E = Pr + C + DL Rp (2)

where

E = the field strength in db relative to 1 'jv/im

= the factor for actual transmitter radiated power relative to

1 Kw, obtained from Fig. 1.

C = the contour number obtained from Fig. Al or Bl.

D = the depth factor for submerged reception, obtained from Fig.
A2 or B2.

R - the reliability factor obtained from Figs. A4 through A6
or B4 through B12.

The value of field strength, E ,thus obtained, can be converted to
microvolts per meter by the use of Figure 2.

11
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Figure 2 - Field strength in microvolts per meter versus db
relative to 1 /uv/m
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When inserting the values for each term in equation (2) above, the

signs of the various factors should be carefully noted. I
The primary purpose of this report is to present the necessary information

for predicting the VLF field strengths of NSS and NAA in the Norwegian
Sea and not Simply to indicate the boundaries of reception under various
conditions. Such oourndaries are deLermined by the factors discussed
herein plus the sensitivity of the receiving system being used. Experi-
ence has shown that a properly functioning BRR-3 receiver, operating
from a buoy mounted loop antenna, has a system sensitivity of about

5 Hv/m for CW reception. Some slow data rate systems operating from
the same antenna have about a 20db better sensitivity than this or
about 0.5 I.kv/m.

The following are examples of field strength calculations:

EXAMPLE I

Conditions:

a. Transmitter: NSS (22. 3 Kc)
b. Receiver location: G3°l5'N-4 0 30'W
c. Loop antenna submerged 20 feet
d. Reception desired on 5 August at 1600 Z with 90 percent

reliability

Solution:

The average radiated power from NSS oft 22. 3 Kc is 126 Kw. From
Fig. 1, lor a radiated power of i26 Kw

Pr = + 2ldb

Referring to Fig. Al for the receiver location given above, the

contour factor is

C = + 30db

13
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From Fig. A2 the depth factor for a loop antenna submerged 20 feet
in sea water is

DL = -31. 6 db

From Fig A3 it is found that the receiving location is in receiving area

Table A9 gives the soiar conditions for the NSS transmission
path into the area including the receiving location for 5 August at
1600 Z as being daylight conditions (D). Then referring to Fig. A4 for
"day" conditions and a reliability of 90 Percent, the reliability factor

is found to be

Rp =-ll. 3db

Therefore applying equation (2), the field strength, E, at the
receiving loop location and under the conditions stated is

E =P r+C +DL+RP

= 21 + 30 - 31.6 -- 11,3

= + 8. 1db relative to 1 i'v/m

From Fig. 2 a field s rength of + S-. 1db relative to 1 Ii v/m is
2. Sqij v/rn.

EXAMPLE 2

Conditions:

a. Transmitter: NAA (1'4 7 or 14. 8 Kc)

b. Receiver location: 73045'N-3 0 'a
c. Loop antenna submerged 20 feet
d. Reception desired on 16 November at 0345 Z , with 95 percent

reliability.
14
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Solution:

The probable average radiated power from NAA on 14. 7 or 14. 8 Kc
is 1000 Kw or 1 megawatt. From Fig. 1, for a radiated power of 1000 Kw

Pr = + 30db

Referring to Fig, B1 for the receiver location given, the contour
factor is

C = .2db

From Fig. B2 the depth factor for a loop antenna submerged 20 feet
in sea water is

DL = - 25. 8db

From Fig. B3 it is found that the receiving location is in receiving
area "C'. Table BI8 gives the solar condition, for the NAA transmission
path into the area including the receiving location for 16 November at
0400 6 ± 30 minutes (receiving time 0345 Z) as being nighttime conditions
(N). Then referring to, Fic. B12 foz "night" conditions and a reliability
of 95 percent, the reliability factor is found to be

RP = + 28db

Therefore, applying equation (2), the field strength, L, at the
receiving loop location and under the conditions stated is

E = P + C + DL + Pp

= 30 - 2 -- 25. 8 + 28

= + 30. 2db relative to 1 iv/im

From Fig. 2 a field strength of + 30. 2db relative to 1 ti.v/m is 32.4 1 v/m.

SC5
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If all conditions were the same except that reception was desired
at 1300 Z, which would be during daylight conditions, Rp would be
- 3. 7db, and the field strength, E, would be - 1.5db ielative to 1 vv/m

or 0. 84 1v/m.

Boundaries of Reliable Recepdion

If certain conditions are assumed and sensitivities assigned to the
receiving systems, then the boundaries of reliable reception from NSS
(22.3 Kc) and NAA (14.7 or 14. 8 Kc) can be established.

Assuming a submerged antenna depth of 20 feet, and a reliability

for at leac:t 95 percent for all times of the year, approximate boundaries
can be established as follows:

For NSS (22.3 Kc)

If the receiving system sensitivity were 5 p v/m, then reception
in any area with a contour number greater than + 37db would have the
required reliability. If the sensitivity were 0. 5 jv,/m, the boundary
would be at the +12db contour since it would be in a different receiving

area.

For NAA (14.7 or 14. 8 Kc)

For a 5 iv/fn sensitivity, the stipulated reliability would be
attained for any area with a contour number greater than + 29db, and
+ 9db for a 0. 5 ji v/i'n sensitivity.

16
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SECRET APPENDIX A
DATA FOR THE CALCULATION OF THlE FIELD STRENGTH

OF NSS (22. 3 Kc) TRANSMISSION

50*W 75'N 10'W 301W 20W 0 1W 0.101 20'E

5WN

(3.. _

-ý 3,

60'N 35

3'37

3?1

/ All,

30* 20' /0

Fif/eA Fiel teghcnormpo h owga e n

surudnsfrtas iso/rmNS(2 c
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APPENDIX A
V. CALCULATION OF THE FIE-LD STRENGTH
)F 1NSS (22. 3 Kc) TRANSMISSION

7-)-

70'

/ - is

Strength contour map of the Norwegian Sea and
* tindings for transmission from NSS (2Z. 3 Kc)
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Figure A3 -NSS receivi~ng areas in Norwegian Sea, the tr'ansmnission

paths to which traverse significantly different distances

of poor ground conductivity
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Figure A6 - Relia.;,ility factor, R-p, for NSS (22.3 1(c) transnrissioný into
recuiving area "C" for all months
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SECRET APENDIX B
DATA FOR THE CALCULATION OF THE FIELD STRENGTHS

OF NAA (14.7 or 14.8 Kc) TRANSMISSIONS
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Figure l Field strength contour map of the Norwegian Sea and
su:romndings for transmissions from NAA (14.7 or 14.8

i4



IlON -11 E t.I -, ENGTI IS

1.A. Kc) TIlANSMIWSIONS

20"W O. O0•E 201E .c*t

- -- "---------- 
3-- -

""77 .- •j__-

70'N

I23

25-

__ 0- . 'E
-- o 

Aw

&ontour map cf the Norwegian Sea and

•r transmissions from NAA (14.7 or 14.8 Kc}.

45SECRET



SEtoJ w

N U)

U0

zoo <

J- c0

00
Ii .LI

(scl)0 la-00V l

47 SECRE



S E;Cl RI,_ T

50'W 75,'N 40°\' :)W 20"' 1W 0. I0'E PO°E 301E

r-LECEI!NG AREA *"C" 7

50.W, / I

- I 70'N

RFC'ING AHF ! ',

4 O'W

20'E

RECE.VW•C. -RFA A " A:'N/oo "'7 / " /I ' • ' -,< '°
," ECE VING R A""/ C - •- "• 60'N

, ,I _ _ _ _.,, _ _ _ _, ,

30
1

W 20'w i01W Oo I'E.

Figure 133 - NAAi receiving areas in Norwegian Sea, the transmission paths
to which traverse significantly different distances of po,)r
ground conductivity
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Figure B4 - Reliability factor, Rp, for NAA (14.7 or 14.8 Kc)
transmissions into receiving area "A" for winter montihs
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Figure B6 - Reliability factor, RP, for- NAA (14.7 or 14.8 Kc)
transmisjions into receiving area "A" for summer months
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Figure B7 -- Reliability factor, Rp. for NAA (14.7 or 14.8 Kc)

transmissions into receiving area " for fall months
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Figure BS - RelaLitity factor, IZ1), for NAA (14.7 or 14.8 Kc)
transmissions into receiving area "B" for winter moniohs
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Figure B9 Reliability factor, Rp, for NýAA (14.7 or 14.8 Kc)
transmissions into receiving area "13" for spring months
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